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1 INTRODUCTION
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Introduction

The constant development in wireless system technologies enables inovative new applications
that introduce new challenges and demands on antenna engineers. These trendlines show need
for advanced smart antenna systems in communications and surveillance with a variety of
beamforming and beamsteering capabilities. Additionally, electromagnetic performances of
antenna have often to comply with physical system requirements such as customized shape
and/or lightweight. Curved conformal microstrip arrays have a potential to meet all these
requirements.

The antenna arrays that conform to cylindrical structure can enable radiation pattern with
directed beams in arbitrary directions, or omnidirectional pattern in plane perpendicular to the
cylinder. With their cylindrically shaped structure they can be easily mounted on various
airborne objects (fighter jets, smart missiles, rockets) without disturbing their aerodynamical
properties. On the other hand, spherical arrays can steer single or multiple beams throughout the
complete hemisphere without loss of gain in any direction. Therefore, spherical array is good
candidate for satellite terminals, telemetry and command applications. :

As long as the radius of the curved structure is large compared to the wavelength, the antenna
can be approximated with the planar structure of infinite extent. However, this is not the case for
the most of the practical conformal antennas. Therefore, computational tools are required which
enable fast and accurate analysis of modern conformal air interfaces. Additionally, in case of
array applications, it is critical to be able to take into account the mutual coupling between the
array elements. In more detail, the mutual coupling can cause significant change in element
pattern of array elements, and therefore must be included in the design.

In course of this project a computer program is developed that performs a rigorous analysis of
spherical and cylindrical arrays of microstrip patch elements. The dielectric structure of the
antenna or the antenna array is rigorously taken into account by using proper Green's functions
in spectral domain. The Method of moments (MoM) is applied to analyze array by means of
element-by-element approach, thus taking the mutual coupling into account as well. All
important information about the antenna array can be calculated by the software: the input port
impedance, radiation pattern as well as the mutual coupling between the elements can be
obtained.
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The capabilities and accuracy of the computer program are tested on different practical designs.
One of them, the spherical test model, is developed for this purpose. The comparison of some
spherical and cylindrical designs with their planar counterparts is given in order to show impact
of curvature on input impedance and radiation properties. All of these results will be presented in
this report.
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2 PROBLEM IDENTIFICATION
AND ITS SIGNIFICANCE
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Problem Identification and its Significance

Conformal antennas are defined as antennas that conform to the structure for other reason than
electromagnetic. This reason can be aerodynamic, hydrodynamic, aesthetic or coverage reason.
Because of these potential advantages over planar antennas conformal microstrip patch antennas
have been proposed for a wide range of applications. For example, future military airborne and
space-based sensors will require active electronically scanned array antennas. Planar arrays are
possible solution. However, planar arrays have inherent disadvantage because they can be
electronically scanned to only about 60 degrees from boresight, and the gain falls with scanning
angle. The conformal arrays can scan the beam without drop of the gain, and the size of the
conformal antenna needed for obtaining the same gain as its planar counterpart is approximately
the same. Spherical arrays have possibility of directing single or multiple beams through
complete hemisphere and, therefore, spherical arrays are an attractive solution for satellite
tracking, telemetry and command applications. Other example is cylindrical microstrip arrays
mounted on smart missiles and rockets without disturbing aerodynamic properties.

Conventional phased array antennas are thick, heavy and expensive, and require large amounts
of power. Future military airbone and space-based phased arrays will use conformal, low-weight
and low-power elements in order to meet extremely stringent system requirements. Therefore,
new solutions are proposed for such applications. One of the most promising is to use Micro
Electro Mechanical Switches (MEMS) as an essential part of the low-loss phase shifters. The
proposed architecture for the building block of phased arrays is a sandwich structure where
microstrip antenna, RF-distribution layer, T/R-switch, low noise amplifiers, power amplifiers
and phase shifters are built in a microstrip multilayer structure. The radiating element in this
geometry is an aperture-coupled microstrip patch antenna.

The traditional approach of analyzing conformal microstrip antennas is to approximate the
conformal structure with locally planar one, and then to use some method for planar antennas.
This is a reasonable approximation if the radius of the structure curvature is large. However, for
small radiuses the properties of the antenna begin to differ significantly from their planar
counterpart.

Some differences between planar and cylindrical patch antennas are as follows. For axially
polarized patch antennas the input impedance will significantly drop with decrease of the
structure radius. For patches polarized in circumferential direction the change of input
impedance is opposite, i.e. input impedance will grow with decrease of the structure radius. The
amplitude of surface waves, and therefore mutual coupling, is enlarged in axial direction and
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reduced in circumferential direction in comparison to the planar case. The radiation pattern can
be significantly changed in circumferential direction. For example, we can get omnidirectional
radiation pattern if the patch is almost wrapped-around, where in the planar case the backward
radiation is always weak. The resonant frequency is almost the same for axially polarized
patches, and it is significantly changed for patches polarized in circumferential direction.

Spherical antennas have different properties. The resonant frequency is changed a lot with
decrease of the structure radius, while the resonant resistance stays almost constant. The mutual
coupling effects are reduced in comparison to the planar case. Like in the cylindrical case, the
radiation pattern can be significantly modified. As expected, the back-radiation is smaller for
spheres with larger radius.

The significant differences in properties of conformal antennas show that programs for analyzing
planar microstrip antennas are not sufficiently accurate for design of conformal antennas, and
thus there is a need for programs for analyzing conformal microstrip antennas. Such programs
will rigorously take into account the effects of the curvature, and therefore will help the
engineers in designing the conformal antennas.

Uniqueness: It was planned to develop two programs as outcomes of the project: (a) program
for analyzing patch arrays printed on spherical structures, and (b) program for analyzing
aperture-coupled patch arrays on cylindrical structures (the upgrade of the existing program
“CyMPA”™). Spherical patch antennas are rarely considered in scientific literature. Till now only
a single patch of circular or ring shape, fed by a coax-line, on single-layer spherical structure is
analyzed (state of art about this subject can be found e.g. in recently published book: K.L.Wong,
"Design of Nonplanar Microstrip Antennas and Transmission Lines”, Wiley 1999.). Therefore,
the development of the program for analyzing arrays of rectangular or circular patches, where
mutual coupling between elements are rigorously taken into account, is scientifically new. The
chosen analysis method for aperture-coupled conformal patches is extension of the method
which is used for planar geometries, and which in planar case shows good agreement between
calculated and experimental results.
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3 PROJECT OBJECTIVE
AND REALIZED OUTCOMES
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Project objective and realized outcomes

We proposed a two-phase, 24-month effort to develop a model for analyzing single-curved and
double-curved conformal microstrip antennas. It was planned to develop two computer programs
as outcomes. First proposed program is for analyzing patch arrays printed on spherical
structures, where the patches are of rectangular or circular shape and the feeding structure is
microstrip transmission line, coaxial transmission line, or aperture-coupled feeding. The interest
for such a program is due to the fact that conformal arrays in some applications cannot be
approximated as cylindrical ones, i.e. as structures with one curvature direction, and thus another
curvature direction should be taken into account. Second proposed program is an upgrade of the
program "CyMPA" that analyzes patch arrays on cylindrical structures (i.e. on single-curved
structures). The upgrade will include the analysis of aperture-coupled patch arrays on cylindrical
structures.

It was planned that both programs calculate the following antenna characteristics:

o current distribution at each patch in the array

e input impedancé at each input port in the array

¢ mutual coupling between each two patches in the array

e radiation pattern of the array when all mutual couplings are taken into account

o radiation pattern of the array without taking mutual coupling into account (fast

calculations of the radiation pattern needed for making first design of the array).

During first 12 months phase we have developed:

(a) Program “SMIiPA” that analyzes patch arrays printed on spherical structures. The patches are
of rectangular or circular shape, and they can be fed by microstrip or coaxial transmission
line. The program calculates:

o current distribution at each patch in the array
¢ input impedance at each input port in the array

o radiation pattern of the array without taking mutual coupling into account.

=

v
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(b) The upgrade of the program “CyMPA” that calculates aperture-coupled patch antennas on
cylindrical structures. Therefore, with the upgraded program it is possible to fully analyze
aperture-coupled cylindrical patch arrays (input impedance, mutual coupling, radiation
pattern with/without considering mutual coupling).

The results of the second 12 months phase are:

(@) We have finished the program for analyzing spherical patch arrays. The newly developed
part of the program calculates:

o mutual coupling between each two patches in the array
¢ radiation pattern of the array when all mutual couplings are taken into account

e aperture coupling as a feeding possibility.

(b) We have developed an experimental model for testing the program for analyzing spherical
arrays since there are only a few experimental results in literature in connection with
spherical patch antennas. :

The developed programs are written in FORTRAN program language since there is no faster
program language for computational physics (computational electromagnetics). Program is
independent on the machine, and it can be compiled and run on every machine that has
FORTRAN 90 compiler. Furthermore, for MS Windows PC environment, a graphical user
interface is developed to make setting of input parameters easier, and to obtain graphical
presentation of the results. On other machines or operating systems communication with the
program is made via input/output ASCII files. In more details, the input file should be filled
before running the program, and the results are written into the output file that can be graphically
presented by any graphical program.
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4 PROJECT OUTCOMES
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4.1 Analysis of microstrip patch antennas
on spherical structures

4.1.1 Introduction

The purpose of this chapter is to describe a program that analyzes microstrip patch arrays on
spherical structures. The patches can be of rectangular or circular shape, and the spherical
dielectric structure can be multilayered. The program calculates radiation pattern of the array,
input impedance of each patch element and mutual coupling coefficients between each two patch
elements. The patches can be fed by coaxial or microstrip transmission line, or they can be
aperture-coupled (the model for analyzing aperture-coupled patches is described in next
chapter). The structure is rigorously taken into account by using proper Green’s functions, and
the electric field integral equation is numerically solved by applying moment method.

4.1.2 Method of Analysis

The geometry of the problem is shown in Figure 4.1. The rectangular or circular patches are
placed on or embedded in a multilayer spherical structure. The radius of the grounded sphere and
of the patches are rovp and 7parch, respectively. The dimensions of each quasi-rectangular patch
are Wy and Wy (Wo = 2 6, rparch » Wy = 24,7 parcr) and the dimension of each circular patch is Wg
(We = 2 Op rparcr). The distances of the feeding point from the center of the patch in the 6 and ¢
directions are Ozes and ¢y , respectively. Two types of feeding structures are analyzed in this
chapter: coax line feeding and microstrip line feeding.

To determine the current on the patches, we consider the integral equation for electric field
components tangential to the patches [1]:

( Einc(ered) + Escat(Jpatch)) tan=0 (1)

Here Jzeq and Jpacn denote the current on the patch and the feeding structure, respectively. The
unknown patch current is expanded into sum of the basis functions:

’ N
Jpatch = za’iJi (2)
i=1

The unknown coefficients o, are determined by applying the moment method (MoM). We have
used the same test functions as basis functions (Galerkin’s method).
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N
- Zai(stEscat(Ji» =3, Einc(J foea)) -

i=1

€))

The elements of the impedance matrix [Z;] and voltage vector [V]] inside the moment method
( I:Z j,]-[oc,.]=[V,] ) are calculated in the spectral domain. Since the problem is defined in the

spherical coordinate system we apply the vector-Legendre transformation to the patch current [2]
- [4]. This technique transforms the three-dimensional problem into spectrum of one-dimensional

problems.
J’ o0 o0
J(r8,0)=|Jy [= X Y L(n,m0)I(r,n,m)e™
Jé m=—co n=lm|
1 nxn

Jr,n,m) = [ jf(n, m,0)J(r,0,0)sinde ™ do do

2nS(n,m) 5 &

P (cos0)/r(n+1) 0 0

aPM(cosg)  —jmPl(cosd)

= 0)=
Linm) S sind
o JjmP(cos0) AP (cosd)
| sin® 5]
2n(n +D(n + |m|)!
S(n,m)= n(n+1(n |m|)

~ @n+)(n-|m)!

(42)

(4b)

(4c)

(4d)

Figure 4.1. Patch antennas on spherical structure. (a) rectangular patch, (b) circular patch.
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Here P™(cosf) are the associated Legendre functions of the first kind. The elements of the
moment method matrix Z; can be expressed as:

ij' = J. J:(rpalchae ’¢)[Z Z f(ma nae)é(m: n)jl(ms n) e]""¢ ] : rpzatch Sine de dd) (5)

patch m n>jm|

where J; is transposed test function, and (=;(m,n) and J ,(m,n) are the Green’s function and the
basis function in spectral domain. After changing the order of summation and integration we get

Z,==y>2m S(n,m)r;mhjf(—m,n)é(m,n)ji(m, n) (6)

m n>|m|

In the case of the coax feeding, the radius of the probe is usually a very small fraction of the
wavelength and the quantity 7pacn - ¥Gyp is usually small in comparison to the wavelength.
Therefore, the probe is modeled as a filament with a constant current

1
r*sin®

ered(r’e’d)) =7 50 _efeed)s(d) _¢ﬁed) Yonp SV = Ve, Q)

where 0, and ¢ ,,, are the 8 and ¢ coordinates of the coax probe. The microstrip line can be

also simply modeled by a filament with a constant current placed close to the edge of the patch
since microstrip line and coax line have similar field distribution around the feeding point.
Furthermore, if the feeding point of the coax line is close to the patch edge, the input impedances
of the patch antennas fed by a microstrip line and fed by a coax line are very similar [5] - [7].

Using the reaction theorem we can calculate the elements of the excitation vector for coaxially-
fed patch antennas as

V= pear B (J ;) (8a)
V=Y lelf(m, 70 ) €™ | G(r,m, n)J.(m,n) dr (8b)
m n=m probe

4.1.3 Calculation of Green’s Function

The Green's functions are determined in spectral domain, which was one of the reasons for using
spectral approach. The GIDMULT subroutine calculates spectral domain Green’s functions of
planar, circular cylindrical and spherical multilayer structures. For each input value of the
spectral variables the subroutine calculates the value of the electric and magnetic field at user-
specified locations inside or outside the multilayer structure. The structure parameters are given
as inputs to the subroutine. The material layers can have arbitrary complex permittivities and
permeabilities.
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(a)
Jax(.'l(@ ’¢ )
L(n,m,0)- 3 (n,m)-&’™
(b) L B
(c)
(d)
L(n,m,0)-J(n,m)-e™™
©

Figure 4.2. Stfucturing of a 3D field problem with a spherical layered structure into
subproblems.
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The solution procedure makes use of the Fourier transformation technique. The 3D elements (Fig
4.2.a) are replaced by equivalent or physical current excitations of electric and magnetic type,
which are then Fourier transformed. By the vector Legendre transformation, the 3D excitations
are transformed into harmonic current shells (see Fig. 4.2.b). If the source is infinitely thin in »
direction, we get one discrete current shell per source, otherwise we get a continuous distribution
of current shells in r-direction. The E- and H-fields induced by the harmonic current sources
have the same harmonic variations in 6 and ¢ as the source. Therefore, only the field variation
in the direction perpendicular to the boundaries is unknown, so we have a harmonic one-
dimensional (1D) field problem. In this way the spectral domain problem is interpreted as a 1D
spatial domain problem consisting of the 1D multilayer structure and harmonic 1D sources in the
form of current shells.

The harmonic 1D problem is solved by making use of equivalent problems, one for each layer
(Figs. 4.2.c and 4.2.d). The unknowns are the tangential E- and H- fields at the layer boundaries.
Since the variation of the E- and H-fields in the direction tangential to the boundaries is
harmonic with known periodicity, we only need to determine the complex field amplitudes at the
interfaces, i.e., we have four unknowns per boundary. The algorithm connects all equivalent
subproblems into a system of 4(Nlayer-1) linear equations with the same number of unknowns
(Nlayer denotes the number of layers). Once the amplitudes of the tangential fields have been
determined, it is easy to determine the field amplitudes anywhere in the multilayer structure by
applying the homogeneous region equivalent of the layer inside which we want to determine the
field value. The core problem in the formulation is to calculate the E- and H- fields due to a
harmonic current shell in a homogeneous region (Fig. 4.2.). More details about the GIDMULT
algorithm can be found in [8].

4.1.4 Numerical Considerations

4.1.4.1 New definition od vector-Legendre transformation and normalized Legendre
polynomials

We notice numerical problems in calculating Legendre polynomials and S(»,m) for large n,
specially if m ~ n when both Legendre polynomials and S(n,m) become very large, and the
solution is unstable (both terms are needed for performing the vector-Legendre transformation;
notice that the number of used modes depends on the structure radius). To find a numerically
stable solution first we have introduced an alternative definition of the vector-Legendre
transformation: .
I SR N 1 T 3 jmb
J(r,9,9) ,";u ; T L(n,m0) I(r,n,m) ™, (9a)

o nmy= j [-———=L(1,m,6)3(r,0,)sin0 e do d . (9b)

1
o \J2nS(n,m)

The expressions for f(n,m,e) and S(n,m) are the same as before (see equations (4.c) and (4.d)).
The new definition of the vector-Legendre transformation and the inverse vector-Legendre
transformation is symmetric, i.e. in both cases Legendre polynomials and their derivatives,

appearing in matrix f(n,m,e ), are divided with «/S(n, m).
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Second step in finding numerically stable solution has been in defining normalized Legendre
polynomials P and their derivatives as

-1;|m] P|m| (n- |m|)| 6P| l(cosE)) 6P|’”|(c059) (n—|m| (10)
(n+ Iml)' 00 00 (n+ lm|)l

Notice that for normalization factor we have chosen the rapidly growing term inside JS(n,m)
(see eq. (4.d)). By using the following asymptotic formulas [9]

Pri(cosp) = LOHHImIED | 2o ( lje—— LA Can
T'(n+3/2) 7 sin® 2 4 2
e Ll (12)
ms T(n +)

the normalized Legendre functions converge for large » to the expression

llmP""'(cosG)—llmP'”"(cose)\/(n+|m|) \/n 2 cos{(n+%)9 —1;—+|—ln5|it—}. (13)

| m)! nsin®

Notice that it is numerically stable to calculate the upper expression. The term L/ S(n,m) in

equations (9a) and (9b) enables us to calculate normalized Legendre polynomials instead of
Legendre polynomials, and 2n(n+1)/(2n+1) instead of S(n,m), both of them are numerically
stable. Thus, divisions of very large numbers are avoided.

The recursive equations for the normalized Legendre polynomials and their derivatives are:

P @ T [ m )t [m]) = ————

n—|{m|+1 14)
((2n+l)z PL )+ [m D= +1) - — (| m) P ()= |m|)(n—|m|+1))

—jn . .
2-1)9132’—2(22,/%1»1 =P (] - (k| m)Pra(2)n—| m] . 15)

With the new definition of vector-Legendre transformation the elements needed for moment
method procedure are calculated as:

= —Z z g ' (—-m, n)(i;(m, n)J (m,n) (16)

m n>m

= J feeq 17
V=2 S(n’ - Tomno ) ™ | Ger,m, i, (o) dr a7

m n=|m| probe

¥
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4.1.4.2 Asymptotic formulas for spherical Bessel and Hankel functions

The Green’s functions for spherical structures contain the Schelkunoff type of spherical Bessel
and Hankel functions, see Appendix II. We notice numerical problems in calculating
Bessel/Hankel functions of large order (e.g. of order larger than 200; this happens when the
radius of the structure is large). Therefore, special techniques are needed to handle cylinders
with large radii. We have implemented Debye's asymptotic formulas for Bessel and Hankel
functions of large orders [9], [10]

" (m+1/2)-(tanh @ —a.) &3
J =L x [, 3ot (182)
J4(m+1/2) tanho. 24(m+1/2)
R (m+1/2)(a - tanh &) _ 3
AYx)y=j & Jx P ) (18b)
J(m+1/2) tanha 24(m +1/2)

where o and ¢ are defined as cosho = (m+1/2)/x and ¢=cotha. Notice that the

exponential parts of Bessel and Hankel approximate formulas have opposite behavior, i.e. the
arguments of the exponential functions have the same absolute values and opposite signs. On the
other hand Green’s functions for spherical multilayer structures can be written in terms of

products jm( ) I:I,(,,z)( -) (see Appendix II for exact expressions). Therefore, Debye’s
asymptotic formulas are applied to products jm( ) I:l,(,,z)( - ) with extracted exponential parts,
and thereby, we avoid numerical problems. The condition for order m of Bessel/Hankel
functions at which asymptotic formulas start to be used take care that |m —x| > |x|'/3 for all used
arguments x [10].

4.1.5 Mutual Coupling

First step in determining S-parameters is to determine the currents on all patches, i.e. the integral
equation for tangential components of the electric field is solved by applying the moment
method. For N patches in the array, we need to solve the linear system [Z][a*] = [/*] N times (k
= ],...,N), once for each excitation port. In more details, [V¥] vectors correspond to a physical
situation in which a unit current is entering the kth port while the remaining N-I ports are open-
circuited. Fortunately, the matrix [Z] is unchanged in all cases.

After determining the amplitudes of basis functions [ock] we calculate the voltage at port / by

. Ik . .
summation ~ Z Viai, ie., the Ik element of the impedance port matrix is
i

t ! k
Z;Zor =—ZViai . (19)
i

Scattering matrix elements are calculated from the impedance port matrix:
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[SI=([ZP HZ 1) (2P 1+{2°1) ! (20)

where [Z°] is a diagonal matrix with elements Z° - the characteristic impedance of the feeding
transmission lines.

The elements of the moment method matrix Z; are excitation vector V; are calculated in the
spectral domain. The expression for element of the moment method matrix Z; is:

J =—Z Z patchJT(—msn)é(m3n)ji(msn) (21)

m n>m

In matrix notation equation (21) can be written as:

[2],=-> Z[ ] Z (n,m) =12, (-m G(m, n)J (m,n) (22)

m n>jm|

In the array case basis and test function can be located on different patches. In that case
calculation of elements Z,, is numerically complex.

Let us first consider mutual coupling between two patches displaced in the ¢ direction (see Fig.
4.3). If we assume that the test function is placed on the first patch and the basis function is
placed on the second patch, then the element of moment method matrix is given as :

T= ~
Z’z(n my="rl., (J'j(—m,n)) G(m,n)d?(m,n)

r& (23)
= T petch (J”( )) G(m, )3 (m,n) " *=P

Figure 4.3. Patch array of two patches displaced in the ¢ direction.
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Here the upper indexes 1,2 denote the patch number where the basis/test function is located, and
the index c denotes the centered basis or test function (i.e. the center has coordinates 6 = n/2 and
¢ =